Hyperthermia is a potent teratogen in mammals, including man, particularly affects the central nervous system6-iii Irreversible postnatal effects of prenatal hyperthermic stress is of special concern, as many women may be unintentionally exposed to elevated temperatures during pregnancy. In experimental animals of various species, neural tube defects, microcephaly, and other defects have occurred following prenatal heat stress. Shiota and Kayamura10) im mersed pregnant ICR mice in hot water of 42 or 43°C for 10 min once or twice daily on days 12 through 15 of gestation and observed the postnatal development of their offspring. The postnatal weight gain of these offspring and their brain weight at 11 weeks of age were less than those of the offspring of control animals. As compared with the controls, prenatally heated mice were less active in an open field test and learned more slowly in a water-filled multiple T-maze or shuttle box. Thus, prenatal brief hyperthermia was shown to suppress body and brain growth during the postnatal period and to adversely affect the animals' emotions and learning capacity. Ito et al .8 exposed pregnant C57BL mice to 42°C hot water for 15 min then examined the number of pyknotic cells in the telencephalon of 10 and 13-day-old embryos at certain times during the first 24 hours after treatment. They found that 13-day-old embryos were more sensitive to heat stress than were 10-day-old embryos. The incidence of pyknotic cells began to increase from 3 to 6 hours after treatment, peaked at 9 hours, then decreased gradually.
We exposed pregnant mice to microwave radiation on day 13 of gestation and examined the number of pyknotic cells in the ventricular zone of the telencephalon 9 hours after treatment. We have compared the effects on mouse brain development of a brief maternal hyperthermia induced by microwave radiation during pregnancy with the thermal effects induced by a 42.0°C hot water immersion. The results have clarified the effects of the hyperthermia induced by microwave radiation.
MATERIALS AND METHODS
Sic : ICR mice (SLC Japan) 10 weeks of age, or older, were reared in a room maintained at 23±2°C under a 12-hour light/12-hour dark cycle and were given a solid diet (CA-1) and tap water ad libitum. Females were caged with males overnight, and the following morning those females with vaginal plugs were considered to be in day 0 of pregnancy. The pregnant females were divided randomly into 4 treatment groups on day 13 of gestation: (1) non-treatment (controls), (2) microwave radiation for 15 min, (3) microwave radiation for 20 min, and (4) immersion in hot water at 42°C for 15 min.
Microwave radiation
A diagram of the microwave exposure apparatus used in the experiments is shown in Fig. 1 . It was a commercially available clinical hyperthermia system (Micro Thermy ME-20 , OG-Giken, Japan) that consisted of a 2.45 GHz microwave generator (output 150 W) and an external antenna located 27.5 cm above the animal's position. In a preliminary experiment we measured the vaginal and colonic temperatures of non-pregnant mice and found no thermal difference between the vagina and lower colon during microwave exposures. Pregnant females were placed in individual perforated plastic tubes together with a thermistor probe to measure the maternal core temperature. The probe was set at a position 20 mm from the anus. They were arranged supine in the chambers, their heads protected from the microwaves by aluminum foil-fixed Styrofoam (Fig. 1 ). Radiation was given under an alternating 15 sec on/off schedule for 15 or 20 min. Because the thermistor probe interacts with microwaves, the maternal core temperature was measured between microwave exposures, intervals having to sometimes be lengthened to 30 or 45 sec so as not to raise the core temperature. After being irradiated, the mice were placed in an incubator, the temperature of which was maintained at 27°C to prevent the rapid decrease of maternal body temperature. After recovery to normal body temperature, the mice were returned to their own cages and kept ' in the animal room until they were killed. Non-irradiated mice were used as the controls.
Specific absorption rates (SARs) were determined by the calorimetric technique12), the average SAR for 6 non-pregnant mice being 480±120 mW/g. Water bath immersion Pregnant females were immersed in hot water at 42°C for 15 min. Each mouse was restrained in a plastic tube 3 cm in diameter that had several holes drilled in its sides9). The water bath was equipped with a thermoregulator and a stirrer to maintain the temperature within a deviation of ±0.1°C. Immerdiately after treatment, the mice were removed from the bath, dried gently with soft paper towels then returned to the incubator described above to avoid excessive reactive hypothermia.
Acute effects
Mice were killed by cervical dislocation 9 hours after treatment for embryo sampling because the peak incidence of pyknotic cells occurs in the embryonic brain between 6 and 9 hours after exposure to heat stress. The number of dead embryos in each litter were counted . Live fetuses were fixed in Bouin's solution. One or two embryos from each litter were selected at random for sectioning. The brains of these embryos were embedded in Paraplast , and 5 'Um thick coronal sections made and stained with hematoxylin and eosin . Pyknotic cells in the ventricular zone of the telencephalon were counted with the aid of an ocular grid under a light microscope at a magnification of X 1,000 as described previously13)
Observations on day 18 of gestation Females were killed on day 18 of gestation, and their uteri observed for implantation sites . Live fetuses were weighted and examined under a dissecting microscope for external malforma tions. The fetuses then were fixed in Bouin's solution, after which their brains were excised and weighed to examine brain development.
Long-term effects
To determine the long-term consequences of prenatal exposure to microwaves , 5 or 6 mice were treated on day 13 of pregnancy and allowed to give birth. Eight or fewer offspring were fostered to a mother from parturition until weaning at 4 weeks of age. At 6 weeks of age , the offspring were deeply anesthetized with pentobarbital and perfused with physiological saline followed by 10% buffered formalin through the left ventricle. Their brains were removed , weighted, and given gross examinations. For histological examination , brain specimens were embedded in Paraplast, and 5,um thick coronal sections were cut and stained with hematoxylin and eosin. Two sections from each animal were selected at random , and at least 10 light micrographs of randomly selected fields within layers II-IV of the somatosensory cortex 14) were taken of each of these sections; at least 20 micrographs per animal. Prints were produced at a final magnification of X 1,500. A micrograph of the stage graticule was included in each roll of film as the magnification standard.
Neurons were distinguished from glial cells by the morphological criteria described by Ling et al. 15 ) An estimate of the true mean nuclear diameter (D) was obtained by the Schwartz Saltykov diameter correction procedure16). The numerical density of the neurons and the mean diameter of the neuronal nuclei were estimated by the unfolding method 16) . Neuronal nuclei were used as the unit for counting neurons . The stereological formula used to estimate the numerical density (Nv) of the neurons was Nv=Na/(H+t) , where Na is the number of particle profiles per unit area of section, H the mean projected height of a particle, and t the section thickness. Neurons were assumed to be spherical, and the mean projected height (H) was taken as equal to the true mean diameter (D). In the experiments done , the numerical densities of the neurons were used to compare the microwave-irradiated and control groups . No correction was made for the shrinkage of material during fixation and embedding .
RESULTS
The maternal core temperatures of heat-stressed mice during and after microwave radiation or hot bath immersion are shown in Fig. 2 Acute effects Embryo mortalities respectively were 25% and 33.5% in the groups exposed to microwaves for 15 and 20 min ( Table 1 ). The mortality of embryos immersed in 42°C hot water for 15 min was 13.6%. Pyknotic cells were present in the ventricular zone of the fetal brain of the controls at an incidence of 0.1-0.2%. The incidence increased with the hyperthermias induced by microwave radiation and hot water immersion (Table 1 and Fig. 3) . The respective incidences of pyknotic cells in the ventricular zone of the telencephalon in the groups exposed to microwaves for 15 and 20 min were 1.83% and 3.06%. The incidence (3.06%) for the group exposed to microwaves for 20 min corresponded to that (3.51%) for the group immersed in 42°C hot water for 15 min. Observations on day 18 of gestation There was no significant difference in body weight between the controls and the groups exposed to microwave for 15 and 20 min ( Table 2 ). Brain weight for the group exposed to microwaves for 20 min was significantly lower than that for the control group. When mothers had been exposed to microwaves for 15 or 20 min, the respective rates of externally malformed fetused were 8.7% and 5.1%. All the malformations observed were cleft palates. Values are means±S.D. * Significantly different from the control , P<0.05 (Student's t-test). Table 3 . Body and brain weights of 6-week-old mice exposed to microwaves during pregnancy.
Values are means±S.D. * Significantly different from the control , P<0.05 (Student's t-test). Table 4 .
Data on neurons in the somatosensory cortex of 6-week-old mice exposed in utero to microwaves.
Values are means±S.D. * Significantly different from the control , P<0.01 (Student's t-test).
Long-term effects
As shown in Table 3 , there was no significant difference in body weight between the controls and the groups exposed to microwaves for 15 and 20 min. Nor was there any significant difference in brain weight between the controls and the group exposed to microwaves for 15 min; whereas, brain weight in the group exposed for 20 min was significantly lower than in the controls. At 6 weeks of age, the controls had about 65,600 neurons/mm3; whereas, mice in utero exposed to microwaves for 20 min had about 88,500 neurons/mm3 in the somatosensory cortex (Table 4 ). This represents a 32% increase (P < 0.01) in the group exposed to microwaves for 20 min. The respective mean neuronal nuclear diameters in the microwave-irradiated and control mice were 7.0 and 7.9 pm. The mean nuclear diameter of the microwave-irradiated mice was 11.0%; smaller (P<0.01) than in the control mice.
DISCUSSION
Edwards et al. 6) showed that maternal hyperthermia of guinea pigs during pregnancy is associated with moderate to severe brain weight decreases in newborn offspring. They found a decrease of 26-28% in the wet brain weight of newborns following maternal exposure to a temperature of 42.5°C in an incubator for 1 hour daily on days 18-25 of gestation. The amount of decrease ostensibly depended on the stage of fetal development during heat exposure, the degree of temperature elevation, the number of exposures, and the interval between exposures. Shiota9) reported that a single heating done by immersing pregnant mice for as brief a period as 7.5 min in water at 43°C on day 8 gestation produced a significant number of neural tube defective embryos. A single heating at 42°C also proved teratogenic when applied for a sufficient period; 12.5 min or longer. A brief heat spike of 3.5-4.5°C above normal that is applied during a critical period is highly teratogenic as well as embryolethal in mice.
In our study, brain weight at 6 weeks of age showed a slight decrease (about 5.7%) following prenatal hyperthermia induced by microwave radiation for 20 min, but the numerical density of the neurons in the cerebrum showed a 32% increase over the value for the controls. As the reasons for these discrepancies are not clear at present, further investigation is planned.
Hoshino et al .7 also examined cell death in the ventricular zone of the telencephalon of day-13 C57BL mouse embryos following immersion of the mothers in a 42°C water bath for 15 min. The peak incidence of pyknotic cells was 4.7%, showing that the effect of the maternal hyperthermia produced by immersion in 42°C water for 15 min is comparable to the effect of 0.12 Gy of X-irradiation in terms of pyknotic cell incidence, as estimated from the slopes of the dose-response curves reported by Hoshino and Kameyama13> In our study, the peak incidence of pyknotic cells in the ventricular zone was 3.51% following immersion of pregnant ICR mice in 42°C water for 15 min. This immersion for 15 min affected cell death in the ventricular zone of ICR mouse embryos comparable to that of 0.08 Gy of X-irradiation, as seen from the regression line 13). Microwave irradiation for 20 min which caused maternal hyperthermia above 42.5°C produced acute cell death (3.06%) in the ventricu lar zone of fetal mouse brain. In terms of acute cell death, the effect of microwave irradiation at the dose tested, therefore is equivalent to 0.07 Gy of X-irradiation, as seen from the regression linel3)
Wanner and Edwards11), who compared the effect of maternal exposure of guinea pigs to y-radiation and hyperthermia, reported that a maternal temperature rise to 42.5°C was equiva lent to 0.05-0.1 Gy y-rays in terms of weight reduction of offspirng brains. The possibility that there were non-thermal effects of microwave radiation in our study cannot be ignored, but the change in maternal body temperature after microwave irradiation was very similar to that after 15 -min of exposure to 42°C water. Moreover, the effect of microwave irradiation for 20 min was comparable to that of immersion in 42°C water for 15 min in terms of the number of pyknotic cells present in the telencephalon. Inouye et al. 2) found there was no significant developmental defect in the rat brain produced by daily microwave irradiation from day 4 of pregnancy (in utero exposure) through day 40 postpartum at power densities that did not cause a temperature rise. We therefore consider that microwave irradiation at the dose tested mainly has a thermal effect. The high mortality found for mouse embryos exposed to microwaves appears to be caused by a rapid change in maternal body temperature due to intermittent radiation. Use of an optical fiber thermometer, which does not interact with microwaves, should make it possible to induce gradual and gentle hyperthermia by microwave irradiation. The application of this type of radiation system would permit investigation of the non-thermal effects of microwave irradiation on brain development.
